Currently, there is no definite mathematical model to evaluate damage to blood cells, especially for cardiovascular devices with complex flow profiles due to turbulent flow and moving parts. This paper describes a finite volume technique that can more accurately predict damage of red blood cells and platelets by tracking their shear stress history and calculating their accumulated damage. Three standard power-law models for calculating the damage to the blood cells are compared to a novel modified model which takes into account a particle accumulated history and corrects for issues in previous models that miscount for decreasing shear stress. As an example, the damage to blood cells are determined for specific streamlines along a prosthetic polymer-based aortic valve, which is a cardiac device with low levels of damage, allowing for the sensitivity of these models to be tested. The results suggest that the new modified model provides the most accurate prediction of damage.
Introduction
One of the major complications related to cardiovascular medical devises is hemolysis (e.g. left ventricular assist devices (LVAD) (Bhat et al., 2015) , mechanical heart valve (Ismeno et al., 1999) . Previous studies (Dasi et al., 2009; Hung et al., 1976; Leverett et al., 1972; Morsi et al., 1999) showed that mechanical forces, particularly elevated shear stress has adverse effect on blood cells, and may cause platelet activation (Sheriff et al., 2013) and thrombus formation (Nesbitt et al., 2009 ) causing significant hemolysis (Leverett et al., 1972) . Hence, the risk of hemolysis in patients with a cardiovascular medical device needs to be evaluated. In this regard, it has been found in various references (D. De Wachter and Verdonck, 2002; D. S. De Wachter et al., 1996; M. Grigioni et al., 2002 ) that the accumulation of damage to blood cells needs to be considered to quantify the blood damage. Consequently, a reliable model to accurately measure time-varying stresses imposed onto blood cells is required. However, the experimental techniques used to characterize flow in vitro (e.g., laser doppler anemometry, particle image velocimetry) are unable to provide real time varying stress. In addition, most experimental data collected in vitro are done under simplified conditions (e.g., laminar flow, rigid models), which is fundamentally different from the mechanical loading acting on blood cells in vivo. Advances in numerical simulations provide a tool with which to measure, in real-time, the shear stress endured by blood cells in pulsatile flow. Various mathematical models have been used to correlate the mechanical forces and exposure time to the degree of damage to blood cells (Giersiepen et al., 1990; Mauro Grigioni et al., 2005; Song et al., 2003; Yeleswarapu 1 Towards computational prediction of flow-induced damage of blood cells using a time-accumulated model et al., 1995) . In this paper, we compare three power-law models: i) average shear stress model (Goubergrits and Affeld, 2004) , ii) Temporal Differential Model (Goubergrits and Affeld, 2004) , and iii) Total Differential model (Yeleswarapu et al., 1995) . The power-law model established by Giersiepen et al. (1990) has been considered in various studies as a fundamental model to estimate blood damage (Einav and Bluestein, 2004; Nobili et al., 2008; Wu et al., 2010; Wu et al., 2011) . The limitation of this model is the requirement of empirically deriving the coefficients of the power law formulation for each prosthetic device (Ozturk et al., 2016) , and their physical inconsistencies. The mathematical formula can be written as , where a, b, and c are constant values, is the acting shear stress, and is the exposure time. Despite the wide use of this model (M. Grigioni et al., 2004; Lim et al., 2001) , however, the method of incorporating this model to the phenomena is often done without taking to account the effect of shear stress history endured by blood cells; an approach that often leads to underestimating the damage. We developed a modified form of the Total Differential Model that better accounts for time-varying effects on shear stress. To demonstrate the sensitivity of this model, we conducted numerical solutions to calculate the damage accumulated by blood cells, as they flow along a polymeric aortic valve.
Method
A Fluid-Structure Interaction (FSI) model was used to numerically simulate the pulsatile blood flow through a polymeric aortic valve. The blood was assumed to be Newtonian and incompressible, and the model was loaded by ventricular and aortic pressures similar to native physiological loads (heart rate of 70 beat/min and mean flow rate of 5 l/min) for a full cardiac cycle. In the FSI simulation, the fluid domain was defined according to a patient's sinus of Valsalva geometry, and the solid domain was defined by the geometry of a polymeric valve that we designed previously (Gharaie and Morsi, 2015) . The fluid and solid domains were discretized with 1,074,428, and 36,253 unstructured tetrahedral elements respectively, as shown in Fig. 1 . The full description of the FSI model, including the mesh independence study, can be found in a previously published article (Gharaie and Morsi, 2015) . Previous studies have shown that thrombus formation and damage to red blood cells (RBCs) are mainly caused by the wall shear stress (WSS) generated as blood flows along the surface a valve (Hung et al., 1976; Leverett et al., 1972; Morsi et al., 1999) . We, therefore, extracted the WSS or viscous shear stress experienced by blood particles in contact with the valve's leaflets from the FSI simulation. However, the total shear stress at any point consists of both the viscous shear stress and the turbulent shear stress, where the viscous shear stress is applicable only near a boundary (a) (b) (Bansal, 2010) . Hence, the turbulent flow regime is also quantified by the Reynolds shear stress (RSS) tensor, and both WSS and RSS data are used to evaluate the performance of the valve. Note that there is no experimental setup available to validate the accuracy of calculated RSS, and WSS. WSS data is collected by extracting the exerted WSS on each node of the leaflets and stent surfaces during the acceleration period. It should be noted, that the maximum shear stress is always generated in this phase (Claiborne, 2012; Lim et al., 2001 ). In addition, WSS experienced by the blood cells is analyzed for one cardiac cycle to find the critical time step and regions with elevated WSS. The paths of six blood particles (A, B, C, D, E, F) were identified in Fluent software for regions experiencing elevated shear stress (see Fig. 2 ) in order to analyze the effect of accumulated shear stress on the overall severity of damage to blood cells. Similarly, the time-varying shear stress histories of the particles as they traversed over the leaflets were extracted from the FSI model. Fig. 2 Presentation of magnitude of WSS, blood streamlines and sample blood particles on the leaflet (ventricular side shown) at 69ms after the valve opening.
Once the shear stress data was calculated, it was then linked to blood damage via a mathematical formula established by Giersiepen et al. (1990) to quantify blood damage indices (BDIs), as written below:
Percentage of Hb released by RBCs as a function of shear stress and exposure time is defined as:
And Percentage of cytoplasm enzyme (LDH) released by platelets (PLs) as a function of exposure time and shear stress is defined as:
Where is the effective exposure time in second (s), is shear stress of N/m 2 (Pa), and c1,a1,b1, c2,a2,b2
are constant values proposed by Giersiepen et al. (1990) (see Table 1 ).
However, in order to calculate the accumulation of damage, the "Temporal Differential Model" was considered in this study to provide an in-depth analysis of shear-induced hemolysis. The temporal differential equations are expressed in Eq. (3), and Eq. (4) were derived from the differential quotient of Eq. (1) and Eq. (2) in respect to time (t). The LPL and LRBC indices then were calculated numerically by summation of the damage along the path line as described below:
Accumulated RBCs damage (%) along the path line is defined as:
Accumulated platelet damage (%) along the path line is defined as:
where is the time duration of the particle to reach ith observation point, ∆ is observation interval, and is the shear stress endured by the particle during the ith observation interval ∆ .
It should be noted that based on the analytical lagrangian description (Fasano, 2006) , when the trajectory of the particle is known (predicted by the FSI simulation in this study), then the damage experienced by the particle during its motion is a function of both the run time (t) and the acting load ( ) (M. Grigioni et al., 2004) . In this context, another set of mathematical models (named "Total Differential Model") was introduced by performing the differential quotient of Eq. (1) and Eq. (2) in respect to both time (t) and shear stress ( ) as follow:
Total differential quotient of RBC damage index in respect to time and shear stress is defined as: 
And, in discrete form can be expressed as:
Total differential quotient of platelet damage index in respect to time and shear stress is defined 
Furthermore, the summation of accumulated blood cell damage over the corresponding exposure time can be calculated by the integral sum of Eq. (6) and Eq. (8) as follows: Gharaie, Mosadegh and Morsi, Journal of Biomechanical Science and Engineering, Vol.12, No.4 (2017) [ 
Results
Analysis of the total turbulent stress experienced by the blood cells revealed that the maximum RSS occurred at peak systole (168.5ms after the valve opening). Fig. A1 in Appendix A shows the 2D turbulent distribution of blood passed the valve at this time instance. The highest RSS of 4.910 Pa was recorded at 0.5D to 0.7D (D=diameter of the valve) downstream from the stent ring and 14mm away from the valve centerline, towards the right aortic wall. The highest value of WSS is recorded as137.703 Pa after 69ms of the valve opening (see Fig. 4 ), at the commissure area and the stent post, as shown in Fig. 3 . Therefore, the total shear stress experienced by blood elements at time steps of 69ms and 168.5ms have the highest possibility of causing RBCs damages. Table 2 gives a comparison of the WSSmax, and peak Reynolds shear stresses ( , , ), normal axial ( ), and transverse stresses ( , ) recorded for these critical time steps. Table 2 Maximum Reynolds and WSS stresses recorded for the proposed valve at critical time steps A shear stress of less than 10 Pa is accepted as a safe limit for platelet lysis (Hwang and Normann, 1977) , therefore, the magnitude of RSS experienced by blood cells flowing along this polymeric valve will have a negligible effect. However, the WSS level (=137.367 Pa) exceeded the safe threshold, therefore, the potential damage caused by elevated WSS have been investigated. As shown in Fig. 4 , the maximum WSS occurred at 69ms after the valve opening; hence, the possibility of blood damage at this instance was investigated. Subsequently, the shear stress histories of the blood particles passed across the elevated shear stress at this time instance were used in various models as described below. 
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Average Shear Stress Model
In this model, the exact exposure time of each particle as it traverses the leaflets, and the average shear stresses ( ) were retrieved from Fig. 5 . Table 3 shows calculated ( ) and its exposure time. These values were applied to Eq. (1) and Eq. (2) to compute the BDIs. Fig. 6 gives comparison of computed percentage of LRBC and LPL for the sample particles by incorporating the Average shear stress model. Particle "E" (e) Gharaie, Mosadegh and Morsi, Journal of Biomechanical Science and Engineering, Vol.12, No.4 (2017) [DOI: 10.1299/jbse.17-00168] Table 3 Average shear stresses and exposure times calculated for six sample particles. 
Temporal Differential Model
The WSS-time histories data of the particles traversing the leaflet (see Fig. 5 ) were linked to the Temporal Differential model (Eq. (3) and Eq. (4)). Note that the time interval (∆ ) is assumed as 0.1ms in order to calculate the summation of blood damage. Fig. 7 provides the calculated percentage of BDIs (LRBC and LPL) by using the "Temporal Differential Model".
Total Differential Model
In order to solve Eq. (9) and Eq. (10) for the Total Differential Model, it is necessary to find the analytic expression of the shear stress acting on the blood particle. Therefore, data provided in Fig. 4 was imported into MATLAB to perform curve-fitting analysis, and the shear stress function, ( ), was then computed for each particle from the curve-fitting analysis (as expressed in Appendix B). Accordingly, the BDIs values of each particle were Percentage of damage to blood cells Gharaie, Mosadegh and Morsi, Journal of Biomechanical Science and Engineering, Vol.12, No.4 (2017) [DOI: 10.1299/jbse. computed by applying the shear stress function of each particle to Eq. (9) and Eq. (10), as shown in Fig. 7 . 
Discussion
In the past two decades, computational fluid dynamics has been widely used to predict blood damage (Chan et al., 2002; D. De Wachter and Verdonck, 2002; Yun et al., 2012) . However, still there is a lack of reliable mathematical model to correlate differential shear stress and the exposure time to damage experienced by blood cells. Ideally, one universal blood damage model should describe these phenomena, but it seems to be elusive due to the complex flow profile of in vivo conditions. Previously, analytical formulations (Bludszuweit, 1995; Yeleswarapu et al., 1995) have been proposed, however, these models relied on a number of empirically calibrated coefficient, or a data base for calculating the damage blood cells. On the other hand, those models that have been proposed for sublethal red blood cells damage (Paul et al., 2003; Richardson, 1975) were valid only for uniform conditions, which are fundamentally different from the complex flow present in cardiovascular devices. It should be noted that most experimental tests calculate blood trauma using a constant value for shear stress (Giersiepen et al., 1990; Kameneva et al., 2002; Klaus et al., 2002) . Furthermore, those models that use dynamic loading, don't calculate the effect that dynamic loading has on the blood cells themselves (Kameneva et al., 2004) .
In this paper, we describe three models for calculating the damage on blood cells: i) Average Shear Stress Model, ii) Temporal Differential Model, and iii) Total Differential Model. The Average Shear Stress Model is the most widely used model as it is the simplest to incorporate into simulations since it does not take into account time varying conditions. This simplification, however, significantly underestimates the damage to blood cells and often has limitation that the damage to platelets can be higher than RBCs, which doesn't recapitulate the in vivo results (Giersiepen et al., 1990) . This is observed by analyzing Particles "C", "D" and "E" (Fig. 7) . The source of error in above calculations could be the assumption of the average shear stress as the acting load on the particle over the given exposure time. In this approach, the effect of accumulation of damage endured by the particle is neglected. Percentage of damage to blood cells Gharaie, Mosadegh and Morsi, Journal of Biomechanical Science and Engineering, Vol.12, No.4 (2017) [DOI: 10.1299/jbse.17-00168]
The Temporal Differential Model takes into account the accumulated damage of the blood cells, which is particularly useful for conditions that have time varying parameters, such a pulsatile flow or dynamic boundary conditions. The benefit of this model is that the calculated damage is much higher than the Average Shear Stress Model, however, there are still instances that damage to RBCs is seen to be higher than platelets; which is a result suggesting this model is not fully accurate. It has been found in various references (D. De Wachter and Verdonck, 2002; D. S. De Wachter et al., 1996; M. Grigioni et al., 2002) that in order to determine the onset and severity of blood damage, it is necessary to consider the accumulation of damage. In this regard, the LPL and LRBC indices can be calculated numerically by summation of the damage along the path line as described in Eq. (3) and Eq. (4) for the Temporal Differential Model. The results obtained from this model were more consistent to the damage accumulation hypothesis (fatigue phenomena) compared to the Average Shear Stress Model. This was due to the fact that in this model the past history of the acting shear stress on the blood elements was also considered. Overall, LRBC and LPL indices obtained by incorporating the Temporal Differential Model showed considerable increase in all cases compared to those values calculated from the Average Shear Stress model (see Fig. 8 ). Nevertheless, BDIs values of particle "E" were still questionable as the LPL index was smaller than the LRBC index. This calculation error could be caused due to the fact that the effect of acting load path was neglected in the proposed differential equations. It was noted that when is a decreasing function, the second term on the right-hand side of Eq. (9) and Eq. (10) had a negative algebraic sign, therfore it became a subtracting term to BDI. Therefore, if the shear stress decreases in time, the effect of the acting shear stress is decremental and opposed to the principle of causality. Nevertheless, this drawback of the Total Differential Model can be fixed by considering the fact that the second term in the equations is representing the sublethal damage to blood corpuscles due to the effect of different shear stresses (∆ = − −1 ). Therefore, under the accumulation of damage hypothesis, it can be assumed that only ∆ > 0 is valid as the acting load on the particle during the time it takes to reach the ith observation point. ∆ < 0 shows that the shear Percentage of damage to blood cells stress exerted on the blood elements at the ith observation point is less than the previous step, so as the particle experiences less stress compared to the previous step, there is no sublethal damage due to the different shear stress. In this situation, a modified version of the Total Differential Model is used, such that only the shear stress acting on the blood corpuscles at ith observation point over ∆ = − −1 was considered as the acting load, when ∆ < 0,. Consequently, in such a situation (when the value of ∆ become negative), it was assumed that only the first term of Eq. (9) and Eq. (10) were valid. In result, the predicted BDIs calculated by incorporating modified version of Total Differential Model (see Fig.  7 ) showed substantial increase compared to values obtained from the Temporal Differential model. Importantly, it is also noted that the LRBC index produced by the modified model was smaller than LPL index in all cases, which is consistent with the known fact that red blood cells are more resistant to shear stress than platelets (Lim et al., 2001 ). This finding indicates that the modified version of the Total Differential Model presented here is a better choice compared to the other power-law models to assess the potential blood trauma in such a complex flow field. In addition, the highest values of BDIs were associated with Particle "A" and Particle "B" as the particles passed through the small gap between the distal ends of the leaflets. These peak values of BDIs were still very low, which suggested that the generated shear stress as a result of implanting the proposed prosthetic heart valve was insufficient to cause considerable blood damage. However, it should be noted that calculated BDIs in this study were intended to be indicative than definitive. This was due to the fact that there is still no comparable experimental data available to verify the proposed mathematical models. Previous studies (D. De Wachter and Verdonck, 2002; Richardson, 1975; Schima et al., 1993) to assess the sublethal blood trauma carried out under the assumption of a simple loading conditions (e.g. uniform or laminar flow) which is fundamentally different to such a complex flow field as the one presented in this study. However, any attempt to explain the rational of various models of estimating blood damage trauma to account for understanding the differences of the results can be useful in assessing the performance of a prosthetic valve.
Conclusion
In this paper, a modified form of the Temporal Differential Model for calculating damage to blood cells is presented and used in a numerical simulation to assess the accumulated damage of a pulsatile flow on a heart valve. The results suggest that this newly modified model, termed "Modified Total Differential Model", estimates higher levels of damage and predicts values for RBCs and platelets damage which are consistent with the fact that RBCs are more resistant to damage relative to platelets. The limitations of this modified Total Differential Model is that it requires the shear history of blood cells which necessitates extensive computational analysis. Furthermore, this model can be further validated by simulating cardiac devices with conditions that induce higher levels of blood damage (e.g., LVAD or mechanical heart valve), and with experimental results. We believe this model should have a wide range of applicability for assessing damage to blood cells in time-varying conditions, such that occurs with the pulsatile blood flow in vivo or with dynamic boundary conditions.
